Considering the periodical moisture variation in deep rock masses, cyclic wetting and drying under high geothermal condition is a vital issue for the safety and stability of deep rock engineering. To investigate the coupled effect of water temperature and cyclic wetting and drying on dynamic mechanical characteristics of sandstone, dynamic uniaxial compressive tests were carried out under the same loading condition for sandstone specimens subjected to cyclic wetting and drying treatment. When the temperature was 60°C in both wetting and drying processes, cyclic wetting and drying treatment presents a detrimental effect on the tested sandstone. Both physical and dynamic uniaxial compressive characteristics deteriorate in an exponential function with the increase of wetting and drying cycles. Based on SEM image analyses, the initiation and propagation of microcracks is mainly the result of cyclic loading and unloading of tensile stresses induced by water absorption and desorption of kaolinite within sandstone during cyclic wetting and drying treatment. After 15 cycles of wetting and drying, the deterioration of both physical and dynamic uniaxial compressive characteristics first increase then decrease with water temperature in wetting process elevating from 20°C to 98°C. SEM images indicate that more microcracks generate when water temperatures increase from 20°C to 60°C, while the micromorphology is changed and fewer microcracks display due to kaolinite mobilization when water temperature increases from 60°C to 98°C. e threshold value for the effect of water temperature on cyclic wetting and drying is found to be about 60°C for the tested sandstone.
Introduction
In rock engineering, the deterioration of physical and mechanical properties of rock is generally associated with water weathering [1] , such as wetting and drying cycles [2] , freezing and thawing cycles [3] , and heating and cooling cycles [4] . e damage and mechanical properties of rock induced by water weathering is a vital issue for the stability of rock engineering, particularly the stability of rock slopes and underground caverns in hydraulic engineering [5, 6] . It even leads to natural geologic hazards in underground rock engineering with respect to strong corrosion of groundwater flow [7] , especially in mining engineering [8, 9] . Due to periodical moisture variation induced by a seasonal change of groundwater level, rainfall, and other reasons, water weathering process of rock is accelerated by cyclic wetting and drying [10, 11] . e influence of cyclic wetting and drying on physical and mechanical properties of rock has been researched recently.
As for physical properties, the deterioration induced by cyclic wetting and drying can be evaluated by the variation of bulk density, water content, porosity, P-wave velocity, slake durability index, etc. Pardini et al. [12] studied the variation of surface roughness, bulk density, and porosity of smectitic mudrock subjected to cyclic wetting and drying treatment and found a little reduction of bulk density and an increase of porosity after 3 cycles of wetting and drying.Özbek [13] reported that with the increase of wetting and drying cycles, both bulk density and P-wave velocity of ignimbrite decreased, while both water content and effective porosity increased. Gökceoglu et al. [14] studied the factors affecting the slake durability index of clay-bearing rocks and the influence of wetting and drying cycles on the slake durability index values.
As for mechanical properties, the deterioration induced by cyclic wetting and drying should be investigated in both static and dynamic conditions. However, most of the investigations on deterioration induced by cyclic wetting and drying were focused on static mechanical properties, and limited studies can be found on dynamic mechanical properties. Hale and Shakoor [1] investigated the effect of cyclic wetting and drying on static uniaxial compressive strength of six kinds of sandstone after suffering 50 cycles of wetting and drying, and no obvious correlation was found between uniaxial compressive strength and wetting and drying cycles. Zhao et al. [15] reported that static tensile strength of sandstone with a low clay mineral content was not sensitive to cyclic wetting and drying treatment. However, recent researches indicated that static uniaxial compressive strength and tensile strength decreased remarkably with the increase of wetting and drying cycles [16, 17] . e discrepancy variation of static uniaxial compressive strength and tensile strength is the result of different mineralogical composition and microstructure. Zhang et al. [18] studied the effect of cyclic wetting and drying on shear strength of argillaceous siltstone, and the shear strength of siltstone under same vertical stress decreased with the increase of wetting and drying cycles. By using centrally cracked Brazilian disc specimens, Hua et al. [19] reported that both mode I and mode II fracture toughness of sandstone decreased with the increase of wetting and drying cycles. By conducting uniaxial compressive creep tests siltstone in a step loading way, Ma et al. [10] reported that both axial creep strain and axial steady creep rate increased with the increase of wetting and drying cycles, while instantaneous deformation modulus decreased.
In consideration of extensively blasting operation in rock excavation [20, 21] , recent researches referred to the influence of cyclic wetting and drying on dynamic mechanical properties. Du et al. [11] reported that dynamic compressive strength of red-sandstone decreased with the increase of wetting and drying cycles. Yuan and Ma [22] carried out dynamic uniaxial compressive tests for coalmine sandstone subjected to cyclic wetting and drying and reported that dynamic uniaxial compressive strength reduced in a power relationship with wetting and drying cycles. With the help of split Hopkinson pressure bar (SHPB) apparatus, Zhou et al. [23, 24] found that both dynamic compressive strength and tensile strength of fine-grained sandstone decreased with the increase of wetting and drying cycles.
Currently, researches on the influence of cyclic wetting and drying on rock properties hardly involve the temperature effect on cyclic wetting and drying process. In deep underground engineering, the temperature of rock increases at a speed of 30°C/km to 50°C/km with the burial depth.
When burial depth was beyond 1000 m, the temperature was over 40°C, sometimes even exceeding 60°C [25] . Some researches indicated that water weathering effect was affected by water temperature [26, 27] . As rock engineering disasters are closely related with dynamic rock failure under stress pulses or impact loads, the investigation on dynamic mechanical characteristics of sandstone under coupled effect of water temperature and cyclic wetting and drying is meaningful to the safety and stability of deep rock engineering. e objectives of this research were to figure out the deterioration of dynamic mechanical characteristics induced by cyclic wetting and drying and the effect of water temperature on cyclic wetting and drying. In this study, dynamic uniaxial compressive tests were carried out for sandstone after cyclic wetting and drying in various water temperatures based on modified SHPB apparatus. en, dynamic compressive strength, dynamic elastic modulus, average strain rate, fractal dimension, and damage evolution were analyzed to characterize the deterioration induced by cyclic wetting and drying, and the effect of water temperature on the process of cyclic wetting and drying was figured out. In addition, microscopic features of sandstone were also observed by scanning electron microscope (SEM) technique. Figure 1 . Static uniaxial compressive tests were carried out by the RMT-150B rock mechanics testing system in a loading rate of 0.01 mm/s. And static uniaxial compressive strength, elastic modulus, and Poisson's ratio are 63.07 MPa, 9.92 GPa, and 0.183, respectively.
Cyclic Wetting and Drying Treatment and SHPB Test Validation
In accordance with International Society for Rock Mechanics and Rock Engineering (ISRM) suggested method [28] , all sandstone specimens were processed into a short cylinder with a diameter of 50 mm and length of 25 mm. After drilling, cutting, and grinding processes, end-face roughness of the sandstone specimen was less than 0.02 mm and end face perpendicular to its axis was within 0.025 mm for dynamic uniaxial compressive tests [28, 29] .
Procedure of Cyclic Wetting and Drying Treatment.
Cyclic wetting and drying is a significant issue in rock engineering. Generally, a single cycle of wetting and drying consists of two steps, drying process and wetting process. However, the treatment methods used for wetting process and drying process can be quite different. Commonly used wetting treatment methods were immersed in water [1, 22, 23, 30] or immersed in water under vacuum condition [31, 32] . e common drying treatment methods were dried in air condition [23, 33] or dried in an oven [1, 22, 32] . Considering the influence of water temperature on the process of cyclic wetting and drying, a thermostatic water bath was used for wetting process. As illustrated in Figure 2 , sandstone specimens were dried in an oven during drying process and immersed in a distilled water bath during wetting process in this study.
It is seen from Figure 2 that sandstone specimens were first put into a drying oven at 110°C for 24 h and then immersed in a water bath at designed temperature for 24 h. In the first cycle of wetting and drying treatment, the temperature of the drying oven was set as 110°C to measure the mass of oven-dried sandstone specimens, and then the temperature of drying oven was set as 60°C for the following cycles of wetting and drying treatment. In order to ensure sandstone specimen absorbing water comprehensively, glass rods with a diameter of 6 mm and interval of about 25 mm were put beneath the sandstone specimens as illustrated in Figure 2 .
Dynamic uniaxial compressive tests were carried out when wetting and drying cycles achieved 1, 5, 10, 15, and 20 at a water temperature of 60°C in the wetting process. As for 15 cycles of wetting and drying treatment, 5 kinds of water temperatures were accomplished by setting the temperature of the thermostatic water bath as 20°C, 40°C, 60°C, 80°C, and 98°C in the wetting process. Figure 3 , dynamic uniaxial compressive tests were carried out by using a modified SHPB apparatus.
SHPB Test Procedure and Validation Analyses. As illustrated in
Dynamic uniaxial compressive tests were conducted in five steps: (1) aligning elastic bars and keeping striker, input bar, and output bar at the same line axially [34] ; (2) mounting strain gauges diametrically on the surface of input bar and output bar [35] ; (3) sandwiching sandstone specimen between input bar and output bar and applying lubricant on the contact surfaces; (4) launching the striker and collecting test signals; (5) Gathering the fragments of sandstone specimens. SHPB technique is based on two fundamental assumptions, one-dimensional stress wave propagation and stress uniformity [28, 36] . For rock-like brittle material, traditional rectangular loading stress wave led to premature failure before stress equilibrium and high signal oscillation due to wave dispersion, which made test results unreliable [37] . With good immunity to premature failure before stress equilibrium, geometric dispersion effect, and Pochhammer-Chree oscillation, half-sine loading stress wave was found to be a suitable, rational, and effective waveform for rock-like materials [28, 37, 38] . erefore, a cone-shaped striker was used to generate the half-sine loading stress wave in dynamic uniaxial compressive tests [34, 39] . e amplitude and duration of the half-sine loading stress wave were about 192 MPa and 160 μs, respectively.
By comparing the dynamic stresses on both ends of the sandstone specimen, stress equilibrium was checked to validate the dynamic uniaxial compressive tests [40, 41] . Figure 4 presents the acquired incident stress wave σ I (t), reflected stress wave σ R (t), transmitted stress wave σ T (t), sum of incident and reflected stress waves σ I (t) + σ R (t), and dynamic strain of sandstone specimen without cyclic wetting and drying treatment.
As illustrated in Figure 4 , the curve of transmitted stress wave almost overlaps with the sum of incident and reflected stress waves, which indicates roughly identical dynamic stresses on both ends of the sandstone specimen. e roughly identical dynamic stresses on the ends of the specimen ensure the assumption of stress uniformity and the reliability of test results.
Clearly from Figure 4 , an obvious flat region presents in reflected stress wave. As the strain rate is closely related with the reflected stress wave, the flat region in the reflected stress wave indicates the same variation of the strain rate. With respect to the flat region in the reflected stress wave, an approximate uniform deformation of the sandstone specimen is found in the strain-time curve. Hence, the half-sine loading stress wave gives an approximate constant strain rate deformation in the dynamic uniaxial compressive tests.
According to one-dimensional stress wave theory, the loading stress wave has to propagate several times between two ends of the specimen to attain stress uniformity [42] . In order to evaluate the stress uniformity issue during loading process, a dimensionless stress nonuniformity coefficient α(t) is introduced and defined as the ratio of the absolute value of stress deviation between two ends of the sandstone specimen to their average value [35, 43] :
As illustrated in Figure 5 , the dimensionless stress nonuniformity coefficient attenuates in a serrated fluctuation with the increase of loading time. And the dimensionless stress nonuniformity coefficient attenuates to less than 5% at about 63 μs, which indicates a stress Advances in Civil Engineering uniformity state after 63 μs. erefore, premature failure is eliminated and the stress equilibrium state is achieved before failure in dynamic uniaxial compressive tests.
Physical Properties Variation during Cyclic
Wetting and Drying Treatment
Water Content Variation during Cyclic Wetting and
Drying Treatment. Water content was calculated by measuring the mass variation of sandstone specimens after different wetting and drying cycles [44, 45] . When measuring the mass of the wet sandstone specimen, water moisture on its surface was wiped by using a filter paper. Water content of the wet sandstone specimen is calculated by using the following equation:
where w stands for water content of the wet sandstone specimen, M n is the mass of the wet sandstone specimen after n cycles of wetting and drying treatment, and M s is the mass of the oven-dried sandstone specimen. e variation of water content after cyclic wetting and drying treatment is shown in Figure 6 .
As illustrated in Figure 6 (a), water content of the wet sandstone specimen increases in an exponential function with the increase of wetting and drying cycles. As water filled in open pores and microcracks of the sandstone specimen, an increase in water content indicated more open pores and microcracks in the sandstone specimen after cyclic wetting and drying treatment.
It is seen from Figure 6 (b) that water content fluctuates with the increase of water temperature in wetting process. Compared with water content at 20°C, elevating water temperature in wetting process leads to an increase in water content of the sandstone specimen after 15 cycles of wetting and drying treatment, that is to say, water content is enhanced by water temperature. ere is a nonlinear relation between water content and water temperature. Water content increases with water temperature increasing from 20°C to 40°C. Water content at 60°C is slightly larger than that at 40°C. With water temperature increasing from 60°C to 80°C, water content decreases. Water content at 98°C is slightly bigger than that at 80°C.
P-Wave Velocity Variation during Cyclic Wetting and
Drying Treatment. Before conducting dynamic uniaxial compressive tests, P-wave velocity of the wet sandstone specimen after cyclic wetting and drying treatment was measured by using an NM-4B nonmetallic ultrasonic detector. P-wave velocity test results are illustrated in Figure 7 .
As illustrated in Figure 7 (a), after 1 cycle of wetting and drying, P-wave velocity of the wet sandstone specimen increases due to open pores and microcracks filled with water. With continuous cyclic wetting and drying treatment, P-wave velocity decreases in an exponential function due to the initiation and propagation of microcracks.
Seen from Figure 7 (b), P-wave velocity also fluctuates with water temperature in wetting process. Compared with the P-wave velocity at 20°C, elevating water temperature in wetting process leads to a decrease in P-wave velocity of the sandstone specimen after 15 cycles of wetting and drying treatment; in other words, the deterioration of P-wave velocity is accelerated by water temperature. ere is also a nonlinear relation between P-wave velocity and water temperature. P-wave velocity reduces with water temperature increasing from 20°C to 60°C, and then it increases with water temperature increasing from 60°C to 80°C. P-wave velocity at 80°C is roughly the same with that at 98°C.
Dynamic Uniaxial Compressive Test Results and Analyses

Variation of Dynamic Uniaxial Compressive Characteristics versus
Wetting and Drying Cycles. After cyclic wetting and drying treatments, sandstone specimens were put into a 20°C water bath for 4 hours to cool down. Based on the acquired incident, reflected, and transmitted stress waves in dynamic uniaxial compressive tests, dynamic characteristics of the wet sandstone specimen were derived based on threewave methods [28] . In line with previous researches [4, 41, [46] [47] [48] , dynamic elastic modulus was defined as the tangent modulus corresponding to 40% and 60% of dynamic uniaxial compressive strength during the rising phase of dynamic stress-strain curve. According to the ISRM suggested method [28] , the average strain rate was determined by the flat region in the strain rate-time curve [23] . When water temperature in wetting process was 60°C, dynamic uniaxial compressive tests were carried out under the same impact air pressure, namely, the same loading condition. Test results of the wet sandstone specimen after cyclic wetting and drying treatment are illustrated in Figure 8 . In Figure 8 , WD is short for wetting and drying cycle and the following number represents the number of wetting and drying cycles. Without WD denotes the oven-dried sandstone specimen.
It is seen from Figure 8 (a) that compared with the static compressive test result, no compaction stage is illustrated in dynamic stress-strain curves, which makes the prefailure region of dynamic stress-strain nearly linear. Moreover, dynamic uniaxial compressive strength and dynamic elastic modulus are much bigger than those in the static condition. Similar to the results in previous studies [22, 23] , dynamic stress-strain curves of the wet sandstone specimen gradually go towards the down and the right with cyclic wetting and drying treatment, which implies that the deterioration induced by cyclic wetting and drying treatment makes the sandstone specimen more ductile to some extent. After 1 cycle of wetting and drying, dynamic compressive stressstrain curve of the wet sandstone specimen is a little bit higher than that of the oven-dried sandstone specimen, which is the results of viscous behavior of water, including the meniscus effect, Stefan effect, and Newton inner friction effect [22, 49, 50] .
As illustrated in Figures 8(b) and 8(c), both dynamic uniaxial compressive strength and dynamic elastic modulus decrease in an exponential function with the increase of wetting and drying cycles. On the contrary, the average strain rate increases in an exponential function with the increase of wetting and drying cycles, which is shown in Advances in Civil Engineering cycles of wetting and drying. Hence, an evident deterioration is shown when wetting and drying cycles increasing from 15 to 20.
Variation of Dynamic Uniaxial Compressive Characteristics versus Water
Temperature. After 15 cycles of wetting and drying, the variation of dynamic compressive characteristics with water temperature in wetting process are shown in Figure 9 . Compared with dynamic stress-strain curve at a water temperature of 20°C, elevating water temperature in wetting process from 20°C to 98°C makes the dynamic stress-strain curve shift to the down and right, which is shown in Figure 9 (a). In other words, the deterioration induced by cyclic wetting and drying is enhanced by elevating water temperature in wetting process, but the enhancement effect is nonlinear with water temperature in wetting process. Moreover, water temperature at 60°C demonstrates a prominent deterioration effect.
As illustrated in Figure 9 (b), dynamic uniaxial compressive strength first decreases with water temperature increasing from 20°C to 60°C, and then it increases with water temperature increasing from 60°C to 80°C. Dynamic uniaxial compressive strength at 98°C is slightly smaller than that at 80°C. Dynamic uniaxial compressive strength at 60°C presents a 13.8% decrease compared with that at 20°C.
It is seen from Figure 9 (c) that the dynamic elastic modulus first decreases with water temperature increasing from 20°C to 40°C and then it increases slightly from 40°C to 80°C and dramatically from 80°C to 98°C. Compared with the dynamic elastic modulus at 20°C, the dynamic elastic modulus presents a 21.4% decrease at 40°C and a 19.5% decrease at 60°C. e turning point of the dynamic elastic modulus is at 40°C and not at 60°C, and this may be the result of the transition at about 50% of dynamic compressive strength in the dynamic stress-strain curve at 40°C, which can be seen in Figure 9 (a). e transition at 50% of dynamic compressive strength may be caused by the connection and propagation of some tiny microcracks induced by cyclic wetting and drying during the loading process.
As shown in Figure 9(d) , the average strain rate first increases with water temperature increasing from 20°C to 60°C and then decreases from 60°C to 98°C. Average strain rate at 60°C demonstrates an 18.5% increase compared with that at 20°C.
Variation of Dynamic Fragments.
To evaluate the fracture characteristic of sandstone, dynamic fragments of sandstone were sieved after dynamic uniaxial compressive tests. e size of involved sieves were 31.5 mm, 25 mm, 20 mm, 16 mm, 10 mm, 5 mm, 2.5 mm, 1.25 mm, and 0.63 mm. After sieving, average fragment size is used to describe the fracture degree and is calculated by using the following equation [51] :
where d s represents average fragment size, d i is the mean size of sandstone fragments in the sieve, and η i is the mass percentage of sandstone fragments corresponding to d i . e variation of average fragment size after cyclic wetting and drying treatment is shown in Figure 10 .
As illustrated in Figure 10 (a), average fragment size decreases in an exponential function with the number of wetting and drying cycles, which indicates that cyclic wetting and drying treatment leads to small fragments. It is seen from Figure 10 (b) that average fragment size first decreases and then increases with elevating water temperature from 20°C to 98°C. And average fragment size at 60°C is smaller than that at other water temperatures.
Based on fractal geometry, sandstone fragment distribution was evaluated by fractal dimension. Fractal dimension of sandstone fragments is derived by using the mass-equivalent dimension curve and is calculated by using the following equation [4, 52] :
where D f denotes the fractal dimension, M is the total mass of fragments, and m i is the cumulative mass of fragments passing the sieve with a diameter of d i . Figure 11 shows the fractal dimension variation with the number of wetting and drying cycles and water temperature in wetting process.
As illustrated in Figure 11 , fractal dimension variation is contrary to the variation of average fragment size. According to Figure 11 (a), fractal dimension increases in an exponential function with the number of wetting and drying cycles. It is seen from Figure 11 (b) that fractal dimension first increases and then decreases with elevating water temperature from 20°C to 98°C. Fractal dimension at 60°C is larger than that at other water temperatures.
Variation of Damage Evolution.
Before dynamic uniaxial compressive tests, sandstone specimens have already been damaged by cyclic wetting and drying. Assuming the damage value of the wet sandstone specimen after 1 cycle of wetting and drying is zero, damage induced by cyclic wetting and drying is calculated by using P-wave velocity [4] :
where D WD stands for the damage induced by cyclic wetting and drying, v n is the P-wave velocity after n cycles of wetting and drying treatment, and v 1 is the P-wave velocity after 1 cycle of wetting and drying treatment. Figure 12 shows the variation of damage induced by cyclic wetting and drying. Figure 12 (a) shows that damage induced by cyclic wetting and drying increases in an exponential function with the number of wetting and drying cycles, which implies a damage accumulation in continuous cyclic wetting and drying treatment. Figure 12(b) indicates that damage induced by cyclic wetting and drying first increases and then Advances in Civil Engineering 7 decreases with elevating water temperature from 20°C to 98°C. Damage induced by cyclic wetting and drying at 60°C is larger than that at other water temperatures.
As deformation and failure of rock is an irreversible process of energy dissipation [53] , mechanical damage is considered as the ratio of dissipated energy to total absorbed energy and is calculated by using the following equation:
where D M represents mechanical damage during the loading process, σ and ε denote the stress and strain values at a certain point in time during the loading process, E d denotes Advances in Civil Engineering the dynamic elastic modulus during the loading process, ε 0 σdε represents absorbed energy of a sandstone unit at a certain point in time during the loading process, and σdε stands for total absorbed energy of a sandstone unit.
As sandstone specimens were already damaged by cyclic wetting and drying before dynamic uniaxial compressive tests, mechanical damage evolution is coupled with damage induced by cyclic wetting and drying. Coupling damage during the loading process can be calculated by using the following equation [54] :
where D stands for the coupling damage during the loading process.
According to equation (7) , coupling damage evolution curves of sandstone specimens after cyclic wetting and drying treatment are analyzed and drawn in Figure 13 .
Clearly from Figure 13 , coupling damage evolution curves mainly consist of two stages, steady stage and rapid growth stage [40] . Combined with dynamic stress-strain curves in Figures 8(a) and 9(a) , the steady stage in total coupling damage evolution corresponds to the approximate linear compression stage in dynamic stress-strain curves. Closely followed by the steady stage, coupling damage grows rapidly during the plastic stage and failure stage in dynamic stress-strain curves.
It is seen from Figure 13 (a) that cyclic wetting and drying treatment affects not only the initial damage values but also the damage evolution rules during the loading process. With the increase of wetting and drying cycles, coupling damage in the steady stage increases, while the increase rate of coupling damage in the rapid growth stage decreases.
As illustrated in Figure 13 (b), water temperature in wetting process also affects the initial damage values and damage evolution rules during the loading process. With water temperature elevating from 20°C to 98°C, coupling damage in the steady stage first increases and then decreases, while the increase rate of coupling damage in the rapid growth stage first decreases and then increases. e turning point is also at 60°C. characteristics of sandstone. To evaluate the detrimental effect of cyclic wetting and drying, SEM technique was adopted to reveal the microscopic variation of sandstone after cyclic wetting and drying treatment. After dynamic uniaxial compressive tests, sandstone samples used for SEM observation were taken from relatively complete big fragments to eliminate the influence of the loading stress wave. SEM images were taken with a magnification ratio of 1000. When the temperature was 60°C in both wetting and drying processes, SEM images of the sandstone specimen subjected to different wetting and drying cycles are shown in Figure 14 .
Discussion
As illustrated in Figure 14 (a), the original sandstone specimen is almost intact with barely any visible microcracks. After 5 cycles of wetting and drying treatment, newly generated microcracks marked with yellow circles are found in Figure 14 (b). With continuous cyclic wetting and drying treatment, both the number and width of microcracks increase. After 20 cycles of wetting and drying, microcracks become more evident in Figure 14 (e). erefore, cyclic wetting and drying treatment leads to initiation and propagation of microcracks and induces damage in the sandstone specimen [23] .
Generally, the detrimental effect of cyclic wetting and drying is a step by step process. Deterioration during cyclic wetting and drying is the result of the combined effect of physical and chemical damage and is closely associated with the mineral components of sandstone. Based on XRD analysis, tested sandstone contains lots of kaolinite. Kaolinite, a swelling clay mineral, brings out cyclic loading and unloading of tensile stresses within sandstone due to absorption and desorption of water during cyclic wetting and drying treatment. e cyclic loading and unloading of tensile stresses accelerate the growth and propagation of internal microcracks, as illustrated in Figure 14 . Moreover, absorbed water in sandstone during wetting process has dissolving, erosion, and softening effects on rock minerals, which leads to unrecoverable deterioration on the cementation between rock grains [55] . As distilled water is used in wetting process, the hydrolysis of rock minerals can hardly occur. But soluble materials of sandstone dissolved in water still generate a few small hollows after a number of wetting and drying cycles. erefore, both physical and dynamic uniaxial compressive characteristics deteriorate with the increase of wetting and drying cycles.
Effect of Water Temperature on Cyclic Wetting and Drying.
After 15 cycles of wetting and drying treatment, SEM images of sandstone specimens in various water temperatures are shown in Figure 15 . SEM images were taken with a magnification ratio of 10000.
Clearly from Figure 15 , the micromorphology has been changed with elevating the water temperature in wetting process. With water temperature increasing from 20°C to 60°C, more microcracks generate, which implies that elevating water temperature can accelerate the damage induced by cyclic wetting and drying. While when water temperature continuously increases from 60°C to 98°C, the micromorphology is changed and fewer microcracks display, which is the result of kaolinite mobilization under high water temperature [56] . Microcracks are more evident at a water temperature of 60°C, which is consistent with the variation of damage induced by cyclic wetting and drying.
As only water temperature is changed in wetting process, the effect of water temperature on cyclic wetting and drying mainly focuses on the interaction between water and rock in wetting process. According to the previous studies [27, 57] , there existed a threshold value for the influence of water temperature on the interaction between water and rock. When water temperature in wetting process was less than the threshold value, elevating the water temperature accelerated the interaction between water and rock. While when water temperature was beyond the threshold value, the interaction susceptibility to temperature decreased. Based on the variation of physical and dynamic uniaxial compressive properties of sandstone, the deterioration induced by cyclic Advances in Civil Engineering 11 wetting and drying is accelerated nonlinearly with water temperature in wetting process. After 15 cycles of wetting and drying treatment, dynamic uniaxial compressive strength, dynamic elastic modulus, average fragment size, and P-wave velocity first decrease and then increase with elevating water temperature from 20°C to 98°C in wetting process, while average strain rate, fractal dimension, water content, and damage induced by cyclic wetting and drying first increase and then decrease with water temperature. e threshold value for the effect of water temperature on cyclic wetting and drying is found to be about 60°C for the tested sandstone. When water temperature in wetting process is less than 60°C, elevating the water temperature accelerates the deterioration induced by cyclic wetting and drying. On the contrary, when water temperature is beyond 60°C, the enhancement effect of water temperature on cyclic wetting and drying decreases with further elevating water temperature.
Conclusions
Based on dynamic uniaxial compressive tests, the combined effect of cyclic wetting and drying and water temperature on dynamic mechanical characteristics of sandstone was analyzed from the variation of dynamic uniaxial compressive strength, dynamic elastic modulus, average strain rate, fractal dimension, and damage evolution. Main conclusions are summarized as follows:
(1) SEM images indicate that cyclic wetting and drying treatment leads to the initiation and propagation of microcracks. As lots of kaolinite existed in sandstone, the initiation and propagation of microcracks is mainly caused by cyclic loading and unloading of tensile stresses during absorption and desorption of water in cyclic wetting and drying treatment. (2) According to SEM images of sandstone after 15 cycles of wetting and drying treatment, more microcracks generate when water temperature in wetting process increases from 20°C to 60°C, while the micromorphology is changed and fewer microcracks display due to kaolinite mobilization when water temperature increases from 60°C to 98°C. (3) Cyclic wetting and drying treatment demonstrates a detrimental effect on both physical and dynamic uniaxial compressive characteristics of sandstone.
With the increase of wetting and drying cycles, dynamic compressive strength, dynamic elastic modulus, average fragment size, and P-wave velocity decrease in an exponential function, while average strain rate, fractal dimension, water content, and damage induced by cyclic wetting and drying increase in an exponential function. (4) After 15 cycles of wetting and drying treatment, the deterioration of both physical and dynamic uniaxial compressive characteristics first increase and then decrease with water temperature in wetting process elevating from 20°C to 98°C. ere is a threshold value for the effect of water temperature on cyclic wetting and drying, which is about 60°C for the tested sandstone. When water temperature in wetting process is less than 60°C, elevating the water temperature accelerates the deterioration induced by cyclic wetting and drying. On the contrary, when water temperature is beyond 60°C, the enhancement effect of water temperature on cyclic wetting and drying treatment decreases with further elevating water temperature.
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